Abstract: An experimental study, implicated in the revealing of the conditions for the origin for Fe 3+ -bearing magnesiowüstite in the lithospheric mantle, was performed using Mössbauer spectroscopy of pre-synthesized samples. Experiments were carried out using a multi-anvil high-pressure split-sphere apparatus at 6.3-7.5 GPa, in the range of 1100-1650 • C in carbonate-metal, carbonate-oxide-metal, carbonate-oxide, carbide-oxide and carbonate-metal-sulphur systems. In three experimental series, oxygen fugacity gradient in the samples was created, which enabled the study of the processes of magnesiowüstite formation under oxidizing and reducing conditions (∆logf O 2 (FMQ) values from −1 to −5). It was established that Fe 3+ -bearing magnesiowüstite can form both in assemblage with oxidized phases, such as carbonate or with reduced ones-metal, carbides, sulphides, graphite and diamond. According to the Mössbauer spectroscopy, the composition of synthesized magnesiowüstite varied within a range of Fe 3+ /ΣFe values from 0 to 0.3, with IV and VI coordination of Fe 3+ depending on P, T, f O 2 , x-parameters. It was established that Fe 3+ -bearing magnesiowüstite formation processes under upper mantle P,T-conditions include redox reactions, with magnesiowüstite being (1) reductant or (2) product of interaction, (3) crystallization processes of magnesiowüstite from an oxidized melt, where magnesiowüstite acts as a sink for ferric iron and (4) iron disproportionation.
Introduction

Distribution of Mg, Fe-Oxides in the Earth's Interior
According to experimental and theoretical data, ferropericlase and magnesiowüstite are considered the most abundant oxide minerals in the Earth's interior; they are thought to comprise approximately 16-20 wt.% of the lower mantle [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The presence of ferropericlase in the lower mantle is caused by the decomposition of transition zone minerals to Mg-Si perovskite and MgO at the 650-km discontinuity [11, 12] . However, a distribution area of Mg,Fe-oxides in the Earth's interior is not limited to the lower mantle. Minor amounts of ferropericlase and magnesiowüstite occur in the Earth's crust, in the rocks altered in high-temperature contact metamorphic processes. The upper mantle occurrences of ferropericlase were proposed to exist after comprehensive study and criticism of "lower mantle" and criticism of "lower mantle" parageneses of some inclusions in diamonds from São Luiz (Brazil) [13, 14] . In the early 2000s this idea was developed and it was shown that (1) ferropericlase may form as inclusions in diamonds at upper mantle conditions, provided that the Si activity was low enough [15] and (2) ferropericlase exists in the upper mantle in regions with low silica activity, such as carbonated dunite or stalled and degassed carbonatitic melts [16] . Despite these ideas, most of the modern studies devoted to the investigation of Mg,Fe-oxides in the Earth's mantle are limited to the lower mantle conditions.
Crustal Structure and Composition of Mg,Fe-oxides in the Mantle
Studies on crystal structure and phase transitions demonstrate that MgO-FeO forms а complete solid solution series with a gradual compositional transition between the end-member periclase and wüstite in the cubic crystal structure B1 (NaCl type with Z = 4) with space group Fm3m, in which end-members differ only in crystal parameters. For intermediate compositions, the structure consists of interpenetrating face-centred-cubic lattices producing alternating Mg 2+ /Fe 2+ cations and O 2− anions [17, 18] . Pure periclase (MgO) was found to be stable with the B1 structure to at least 227-250 GPa, that is, to pressures in the bottom of the lower mantle [19, 20] . By contrast, wüstite (FeO) experiences a number of phase transitions under high-pressure and high-temperature conditions, which are shown in Figure 1 . [18] . Data from References [7, [21] [22] [23] [24] [25] [26] [27] [28] . Mantle adiabate after [29] .
The most reliable sources of information on magnesiowüstite and ferropericlase compositions under upper and lower mantle conditions are the inclusions of these minerals in diamonds. Studies of natural diamonds from kimberlite pipes in Canada, Brazil and Guinea demonstrate that (Mg,Fe)O crystals are present in 50-56% of inclusions [10, [30] [31] [32] [33] [34] . Natural ferropericlase and magnesiowüstite series from diamond inclusions occupies a composition range, almost reaching both end-members [18] ; however, there are different compositional trends for these Fe,Mg-oxides originating from lower and upper mantle. More specifically, the ferruginosity (Fe#, Fe/(Fe+Mg) ratio) of ferropericlase inclusions in diamonds from the lower mantle is about 0.10−0.65 [10, 30, [34] [35] [36] [37] [38] and very rarely it has almost wüstite-endmember stoichiometry with Fe# of 0.84 [39] . Magnesiowüstite from the upper mantle assemblages is usually characterized by Fe# from 0.5 to 1 [35, 40, 41] .
The distribution regularities of ferric ions in the structure of upper-and lower mantle originated ferropericlase and magnesiowüstite were revealed. Multi-method analysis of [18] . Data from References [7, [21] [22] [23] [24] [25] [26] [27] [28] . Mantle adiabate after [29] .
The distribution regularities of ferric ions in the structure of upper-and lower mantle originated ferropericlase and magnesiowüstite were revealed. Multi-method analysis of ferropericlase grains from inclusions in super-deep diamonds from the Juina kimberlites [18, 42] demonstrated the inhomogeneous distribution of Fe 3+ and its concentrations in iron-rich, nanosize magnesioferrite-like clusters. It was established that Fe 3+ /ΣFe ratios in ferropericlase were much lower than in the FeO-rich magnesiowüstite and wüstite samples [43] . Depending on the method, Fe 3+ /ΣFe ratios in ferropericlase in diamond inclusions were estimated at approximately 0-7% [36, 44] , 3-9 % [45] , 8-12 % [42,46] . Besides the studies on incorporation of ferric iron in ferropericlase and magnesiowüstite, there are theoretical studies predicting the metallization of FeO (B1 structure type) at high pressures [47] [48] [49] . Recent experiments demonstrated that B1-structured FeO metallizes at around 70 GPa and~1600 • C without phase transition or any structure changes [50] . The mechanism of incorporation of Fe 3+ or metallization of ferropericlase and magnesiowüstite affects the iron atomic diffusion and electrical conductivity, as well as its rheological properties [27, [51] [52] [53] ].
Modern Concepts on the Fe 3+ -Bearing Magnesiowüstite Formation in the Upper Mantle
Despite that magnesiowüstitie and ferropericlase are predominantly formed in the lower mantle, processes of their crystallization can occur in the upper mantle as well. Since concentration of the ferric iron in (Mg,Fe)O is strongly dependent on variations in the redox conditions of a host upper mantle domain [32, 36, [54] [55] [56] , the presence of Fe 3+ -bearing magnesiowüstite can indicate certain redox reactions. For example, the formation of oxidized mantle domains is usually associated with subduction and reflected by the presence of carbonate minerals [57] [58] [59] [60] [61] as well as Fe 3+ -bearing magnesiowüstite. It is proposed that formation of Fe 3+ -bearing magnesiowüstite can occur as a result of the redox reactions of magnesiowüstite with carbonates, CO 2 or carbonate-bearing melts, according to the following simplified reactions: 4FeO + CO 2 → 2Fe 2 O 3 + C 0 [60] and 6FeO + CO 2 → 2Fe 3 O 4 + C 0 [62] .
However, results of our previous experimental studies, supported by Mössbauer spectroscopy data, demonstrate that formation of Fe 3+ -bearing magnesiowüstite in assemblage with elemental carbon (graphite or diamond) can occur both under oxidizing and reducing conditions. More specifically, experimental modelling of carbonate-metal [63] , carbonate-oxide-metal [64] , carbonate-oxide [65] , carbide-oxide [66] and carbonate-metal-sulphur [67, 68] interactions shows very different scenarios of the formation of this assemblage. However, these studies were not aimed directly at the modeling of formation processes of the Fe 3+ -bearing magnesiowüstite. Thus, it is very relevant to investigate all complexity of these processes in various experimental series and propose models of the formation of Fe 3+ -bearing magnesiowüstite + graphite/diamond assemblage under the upper mantle P,T conditions. The purpose of this study is an experimental modelling of the conditions for the formation of the Fe 3+ -bearing magnesiowüstite + graphite/diamond assemblage in carbonate-metal, carbonate-oxide-metal, carbonate-oxide, carbide-oxide and carbonate-sulphur-metal systems using the Mössbauer spectroscopy.
Materials and Methods
Experimental studies devoted to the revealing of the formation processes of Fe 3+ -bearing magnesiowüstite and wüstite (in an assemblage with graphite or diamond) at P, T, f O 2 and environment composition parameters typical of the lithospheric mantle were carried out using a multi-anvil high-pressure split-sphere apparatus (BARS) [69] . The methodological features of the high-pressure cell design and calibration data were published elsewhere [70, 71] . Fe 3+ -bearing magnesiowüstite was synthesized in carbonate-iron ((Mg,Ca)CO 3 -Fe 0 ) [63] , carbonate-iron-sulphur ((Mg,Ca)CO 3 -Fe 0 -S 0 ) [67, 68] , carbide-oxide (Fe 3 C-Fe 2 O 3 ) [66] , carbonate-oxide ((Mg,Ca)CO 3 -SiO 2 -Al 2 O 3 -FeO) [65] and carbonate-oxide-metal ((Mg,Ca)CO 3 -SiO 2 -Al 2 O 3 -Fe 0 ) [64] systems at pressures of 6.3-7.5 GPa and in a temperature range of 900-1600 • C, with a duration of 18-60 h. The experimental parameters, system compositions, final phase assemblages and magnesiowüstite composition are given in Tables 1 and 2 . Experiments were performed using two different methodological approaches and assembly designs, the so-called "sandwich-type" and "mixture-type." 
Methodical Approach for "Sandwich-Type" Experiments
Experiments in the carbonate-iron, carbonate-oxide and carbonate-oxide-metal systems were performed using a special technique that was based on a redox gradient creation by separating the volume of an ampoule into outer (carbonate or carbonate-oxide (oxidized)) and inner (iron concentrator (reduced)) parts (e.g., Figure 2a ). This "sandwich" assembly design provides conditions for diamondand graphite-producing redox reactions of carbonates, CO 2 fluids or carbonate-bearing melts with metallic iron or wüstite at mantle P,T parameters. Natural magnesite and dolomite (<0.5 wt.% of impurities; Satka deposit, Urals, Russia), as well as synthetic SiO 2 , Al 2 O 3 , Fe 0 and Fe 2 O 3 (<0.01 wt.% of impurities), were used as starting reagents. In experiments in the carbonate-iron system, a carbonate container made from a magnesite-dolomite mixture was placed in a Pt capsule (6 or 10 mm in diameter, at 7.5 and 6.5 GPa, respectively). A pellet of pressed iron was mounted in the center of the carbonate container. In experiments in carbonate-oxide and carbonate-oxide-metal systems, a 10 mm Pt capsule contained a pre-pressed mixture of SiO 2 (101.2 mg), Al 2 O 3 (56.8 mg), MgCO 3 (106.4 mg) and CaMg(CO 3 ) 2 (35.5 mg) powders in the form of a container. Metallic iron or wüstite (150 mg) in the form of a "tablet" was placed in the center of this container. After filling the capsule, it was closed and arc welded. The final capsule height varied from 3.5 to 4.0 mm. This arrangement of system components in a Pt capsule enabled investigation of mineral formation processes in iron-bearing systems with involvement of fluids and melts, minimize interactions between the Pt and Fe-bearing phases. After experiments, the material of Pt capsule walls was analysed by microprobe analysis. According to the obtained data, the iron content in Pt did not exceed 0.5 wt.%. The details of this methodological approach are described in References [63] [64] [65] . 
Methodical Approach for "Mixture-Type" Experiments
Experiments in the carbonate-iron-sulphur and carbide-oxide systems were carried out using an ampoule assembly design where all of the starting reagents were ground and homogenized. Natural magnesite and dolomite (<0.5 wt.% of impurities; Satka deposit, Urals, Russia), Fe 0 and S (<0.01 wt.% of impurities) were used as starting reagents for the experiments in the carbonate-ironsulphur system; pre-synthesized Fe3C and synthetic Fe2O3 (<0.01 wt.% of impurities) were used as starting reagents for the experiments in the carbide-oxide system. Given the previous experience in the experimental studies involving iron-rich phases under mantle P and T, graphite was chosen as the optimal capsule material. During assembly, ground (up to 20-30 µm) and thoroughly mixed starting reagents were placed in graphite capsules; however, some carbide was not ground but placed in the ampoule as 300-500 µm crystalline fragments. To obtain information on diamond crystallization, seed cubo-octahedral diamond crystals (about 500 µm in size) were placed in ampoules.
Analytical Procedure
In all series of experiments, the magnesiowüstite composition was analysed by microprobe (Camebax-micro analyser, CAMECA, Gennevilliers, France). The analysis was performed using an accelerating voltage of 20 kV, a probe current of 20 nA, a counting time of 10 s in each analytical 
Methodical Approach for "Mixture-Type" Experiments
Experiments in the carbonate-iron-sulphur and carbide-oxide systems were carried out using an ampoule assembly design where all of the starting reagents were ground and homogenized. Natural magnesite and dolomite (<0.5 wt.% of impurities; Satka deposit, Urals, Russia), Fe 0 and S (<0.01 wt.% of impurities) were used as starting reagents for the experiments in the carbonate-iron-sulphur system; pre-synthesized Fe 3 C and synthetic Fe 2 O 3 (<0.01 wt.% of impurities) were used as starting reagents for the experiments in the carbide-oxide system. Given the previous experience in the experimental studies involving iron-rich phases under mantle P and T, graphite was chosen as the optimal capsule material. During assembly, ground (up to 20-30 µm) and thoroughly mixed starting reagents were placed in graphite capsules; however, some carbide was not ground but placed in the ampoule as 300-500 µm crystalline fragments. To obtain information on diamond crystallization, seed cubo-octahedral diamond crystals (about 500 µm in size) were placed in ampoules.
Analytical Procedure
In all series of experiments, the magnesiowüstite composition was analysed by microprobe (Camebax-micro analyser, CAMECA, Gennevilliers, France). The analysis was performed using an accelerating voltage of 20 kV, a probe current of 20 nA, a counting time of 10 s in each analytical line and a probe electron beam diameter of 2-4 µm. Phase relations of magnesiowüstite with graphite, diamond, sulphides, silicates, carbide and quenched melts in produced samples were studied using scanning electron microscopy (SEM; Tescan MIRA3 LMU scanning electron microscope, TESCAN, Brno, Czech Republic). The measurements were performed at the Center for Collective Use of Multi-element and Isotopic Analysis of the Siberian Branch of the Russian Academy of Sciences (SB RAS).
In this study, Mössbauer spectroscopy was the main analytical method for the study of Fe 3+ -bearing magnesiowüstite and wüstite. This method was used to determine the structure of magnesiowüstite and other iron-bearing phases, iron valence state in them and iron distribution in phases and non-equivalent positions. Mössbauer measurements were performed at the Kirensky Institute of Physics, SB RAS, Krasnoyarsk. Spectra were acquired at room temperature using an MS-1104Em spectrometer (Cordon, Rostov on Don, Russia) with a Co 57 (Cr) source and a powder absorber thickness of 1-5 mg/cm 2 . Absorbers of this thickness are thin enough to avoid distortion of the area under a partial spectrum due to gamma ray self-absorption. The spectra were interpreted in two stages. At the first stage, quadrupole splittings P(QS) for doublets and probabilities of hyperfine fields P(H) for sextets were determined in experimental spectra. In this case, we fitted a chemical shift common to a group of doublets and a chemical shift and quadrupole splitting common to a group of sextets. The peaks and specific features of P(H) and P(QS) distributions demonstrate potential non-equivalent iron positions in the absorber. This set of information was used to generate a model spectrum that, at the second stage of interpretation, was fitted with an experimental spectrum by varying the entire set of hyperfine parameters. Upon this fitting, "false" sextets and doublets "vanish" and the parameters of true partial spectra are refined. The detected iron positions were assigned to a particular phase, based on similarity of the chemical shift and hyperfine field values and the appropriate parameters of known substances. The population of individual iron positions in the studied phase structure was estimated assuming that the Mössbauer effect probability was the same for all positions. The chemical shifts of positions are given with respect to that of metallic α-Fe.
Results
Features of Fe 3+ -Bearing Magnesiowüstite Formation in the Carbonate-Iron System
The results of experiments on the interaction between Mg,Ca-carbonate and iron, which simulate processes at the boundary between oxidized subducted material and reduced mantle rocks, were in detail described in Reference [63] . These experiments provided conditions for the formation of a redox front due to the f O 2 gradient in samples (∆logf O 2 (FMQ) ≈ 4 units). Given the fact that magnesiowüstite was produced both ahead the front (at reducing conditions; in an assemblage with iron carbide, graphite or diamond; Table 1 ) and behind the front (at oxidizing conditions; in an assemblage with carbonates or predominantly carbonate melts, graphite or diamond), it seems topical to consider ferric iron distribution patterns in it. This section describes the characteristics of produced magnesiowüstite as a function of f O 2 , based on the microprobe analysis and Mössbauer spectroscopy data. The composition of magnesiowüstite-bearing phase assemblages produced in the carbonate-iron system is shown in Table 1 .
The sample structure in a relatively low-temperature experiment (1000 • C, 7.5 GPa) is represented by alternating reaction zones (from a reduced center to an oxidized periphery): cohenite → cohenite + magnesiowüstite + graphite → magnesiowüstite + magnesioaragonite + graphite → ferromagnesite + magnesioaragonite (Figures 2b and 3a,b) . The produced magnesiowüstite is characterized by a variable composition: it is most iron-rich (Mg# = 0.12) at the contact with carbide; at the contact with carbonates of the oxidized part of the sample, the MgO concentration in magnesiowüstite is 3-fold higher and the magnesiowüstite composition changes to Mg# = 0.38. Study of magnesiowüstite-bearing assemblages by Mössbauer spectroscopy revealed that under reducing conditions, in an assemblage with cohenite, all iron in magnesiowüstite was divalent; and in the most oxidized part of the sample, in an assemblage with carbonate, up to 30% of iron in magnesiowüstite was in the trivalent state (Fe 3+ / Fe = 0.05-0.30) (Table 3, Figure 4 ). Mössbauer spectra demonstrate concentration inhomogeneity of magnesiowüstite; they comprise areas with different contents of magnesium and cationic vacancies (Figures 4 and 5) . In magnesiowüstite with a relatively low value of Fe 3+ / Fe = 0.05, Fe 3+ is found to occupy tetrahedral positions in the structure. At very high Fe 3+ concentrations, ferric iron occupies octahedral positions and also occurs in the nearest environment for one of the Fe 2+ positions (with 1 cationic vacancy). At a higher temperature (1450 • C, 6.5 GPa), magnesiowüstite is formed mainly in the reduced zone of the sample (in an assemblage with cohenite and graphite) and only a small amount of (Fe,Mg)O is present in the oxidized part (in an assemblage with a predominantly carbonate melt and graphite) (Figure 3c In a temperature range of 1400-1550 • C (7.5 GPa, Figure 2c , Figure 3e ,f), the magnesiowüstite composition in the reduced and oxidized zones is almost constant (∆Mg# <0.01). Magnesiowüstite from the reduced part of samples is characterized by Mg# 0.37 (1400 • C) and 0.42 (1550 • C), with 3-13% (±2%, after probability distributions of QS fitting) of iron in the magnesiowüstite being in the trivalent state (Fe 3+ / Fe = 0.03-0.13). Magnesiowüstite in the oxidized zone is more magnesian, with ∆Mg# of the reduced and oxidized zones being 0.01 to 0.02. It contains from 3-11 (1400 • C) to 13% (1550 • C) of Fe 3+ (±2%, after probability distributions of QS fitting). At these parameters, ferric iron occupies predominantly tetrahedral positions in the structure of magnesiowüstite. In general, magnesiowüstite formed in the carbonate-iron system contains up to 4 groups of Fe 2+ cation positions with different symmetry of the local environment. As demonstrated in Reference [72] , these positions are associated with a different number of cationic vacancies among the nearest surrounding. Detailed cationic vacancy distribution in the magnesiowüstite structure is given in Table 3 . Figure 3 . Scanning electron microscopy (SEM) photographs of sample fragments, which were produced in the carbonate-iron system: (a) graphite, cohenite and magnesiowüstite (reaction zone) at the contact between coarse-grained cohenite and a fine-grained magnesiowüstite + aragonite + graphite aggregate (1000 °C, 7.5 GPa); (b) assemblage of magnesiowüstite and cohenite (reduced zone) (1450 °С, 6.5 GPa); (c) crystals of magnesiowüstite and graphite in a quenched carbonate melt (1450 °С, 6.5 GPa); (d) crystals of magnesiowüstite and graphite, with quenching carbonate in interstices (1450 °С, 6.5 GPa); (e, f) diamond crystals and quenching carbonate in coarse-grained magnesiowüstite interstices (1550 °С, 7.5 GPa). Coh: cohenite, Mws: magnesiowüstite, Arg: aragonite, Gr: graphite, Dm: diamond, Lcarb: predominantly carbonate melt. Mössbauer spectra of samples produced in the carbonate-iron system (exp. 1541 (a,b,e,f) and 1515 (c,d,g,h)) as well as components of these spectra (a-d) and the probability distribution of quadrupole splittings P(QS) in experimental spectra of magnesiowüstite (e-h). Mössbauer spectra of samples produced in the carbonate-iron system (exp. 1541 (a,b,e,f) and 1515 (c,d,g,h)) as well as components of these spectra (a-d) and the probability distribution of quadrupole splittings P(QS) in experimental spectra of magnesiowüstite (e-h). 
Features of Fe 3+ -Bearing Magnesiowüstite Formation in the Carbonate-Oxide-Metal System
The results of experiments in carbonate-oxide-metal system simulating the interaction between Fe 0 -bearing rocks and carbonated rocks, which is associated with the generation of Fe 3+ -enriched carbonate-silicate melts, are in detail described in Reference [64] . The produced samples were characterized by a zonal structure due to the f O 2 gradient in the reaction volume ( Figure 6 ).
contains up to 84% of the total iron in the system. In both the oxidized and reduced parts of samples, ~5-7% of iron in magnesiowüstite occurs in the trivalent state and occupies tetrahedral positions in the structure. The distribution of quadrupole splittings P(QS) occupies a rather wide range (Figure 9c,f) , indicating significant inhomogeneities in the distribution of cationic vacancies. In all studied samples, 1 to 3 different Fe 2+ positions were found (Table 4) , indicating a variable number of vacancies, their high concentration and their uneven distribution in the structure of magnesiowüstite. In a temperature range of 1050-1450 • C (6.3 GPa), magnesiowüstite was produced in an assemblage with cohenite, almandine and graphite in the reduced zone and in an assemblage with pyrope-almandine, olivine, carbonate and graphite in the oxidized zone (Figures 6b and 7a-c (Table 4 ; Figures 8 and 9 ) are in good agreement with the literature data [73, 74] . Magnesiowüstite is the main iron-bearing phase in a temperature range of 1050-1450 • C; it contains up to 84% of the total iron in the system. In both the oxidized and reduced parts of samples,~5-7% of iron in magnesiowüstite occurs in the trivalent state and occupies tetrahedral positions in the structure. The distribution of quadrupole splittings P(QS) occupies a rather wide range (Figure 9c,f) , indicating significant inhomogeneities in the distribution of cationic vacancies. In all studied samples, 1 to 3 different Fe 2+ positions were found (Table 4) , indicating a variable number of vacancies, their high concentration and their uneven distribution in the structure of magnesiowüstite. . Mössbauer spectra of samples produced in the carbonate-iron system (N. 1287 (a-c) and 1249 (d-f)) as well as components of these spectra (a,d), the probability distribution of hyperfine magnetic fields (H) on iron nuclei (b,e) and the probability distribution of quadrupole splittings P(QS) in experimental spectra of magnesiowüstite and silicates (c,f). Mössbauer spectra of samples produced in the carbonate-iron system (N. 1287 (a-c) and 1249 (d-f)) as well as components of these spectra (a,d), the probability distribution of hyperfine magnetic fields (H) on iron nuclei (b,e) and the probability distribution of quadrupole splittings P(QS) in experimental spectra of magnesiowüstite and silicates (c,f). At higher temperatures (in the presence of a carbonate-silicate melt), as a result of lack of metallic iron or iron carbide, there is no separation into the reduced and oxidized parts of samples after experiments (Figure 6c ). Under these conditions, magnesiowüstite is present only in an assemblage with magnetite, garnet and metastable graphite. The magnesiowüstite composition is characterized by a decrease in the iron content as temperature increases, from Fe# 0.88 (1450 • C) to Fe# 0.76 (1650 • C). According to Mössbauer spectroscopy, under these conditions, magnesiowüstite lacks Fe 3+ and ferric iron-concentrating phases include magnetite, ferrospinel and garnet.
Features of Fe 3+ -Bearing Magnesiowüstite Formation in the Carbonate-Oxide System
The results of carbonate-oxide interaction experiments simulating the interaction between magnesiowüstite and oxidizing metasomatic agents (CO 2 fluid and carbonate-silicate melt) are in detail described in Reference [65] . A zonal structure of produced samples is shown in Figure 10 .
Magnesiowüstite is formed in the system in a temperature range of 1150-1350 • C. At relatively low temperatures (1150-1250 • C), magnesiowüstite is produced in the central (reduced) part of samples (Figures 7d-e and 10b) and is surrounded by a reaction zone consisting of almandine, magnetite and graphite (Figure 7d-f) . The reaction zone width increases with the temperature; in this case, the amount of coarse-grained magnesiowüstite in the central part of ampoules decreases. At 1350 • C, magnetite is found not only in the reaction zone but also in the central part of an ampoule, in an assemblage with magnesiowüstite. In this case, the carbonate-oxide ampoule is replaced by an assemblage of pyrope-almandine + magnesiowüstite + magnetite + ferrosilite + ferromagnesite + graphite, where magnesiowüstite is found in intergrowths with graphite (Figure 7c ). In the composition of produced magnesiowüstite, Mg# consistently increases with the temperature, from 0.01 (1150 • C) to 0.13 (1350 • C). Samples of coarse-grained magnesiowüstite from the reduced zones were analysed by Mössbauer spectroscopy (Table 4 ; Figure 11 ). The obtained spectra of wüstite are similar to those presented in References [73, 74] for Fe x O, with x~0.96. Four different Fe 2+ positions detected in each sample indicate an uneven distribution and a variable number of cationic vacancies in the structure. The Fe 3+ content in magnesiowüstite is found to be directly dependent on the temperature and vary from 5 (1150 • C) to 12 at.% (1350 • C) ( Table 4 ). In this case, Fe 3+ is tetrahedrally coordinated. At higher temperatures (in the presence of a carbonate-silicate melt), as a result of lack of metallic iron or iron carbide, there is no separation into the reduced and oxidized parts of samples after experiments (Figure 6c ). Under these conditions, magnesiowüstite is present only in an assemblage with magnetite, garnet and metastable graphite. The magnesiowüstite composition is characterized by a decrease in the iron content as temperature increases, from Fe# 0.88 (1450 °С) to Fe# 0.76 (1650 °С). According to Mössbauer spectroscopy, under these conditions, magnesiowüstite lacks Fe 3+ and ferric iron-concentrating phases include magnetite, ferrospinel and garnet.
The results of carbonate-oxide interaction experiments simulating the interaction between magnesiowüstite and oxidizing metasomatic agents (CO2 fluid and carbonate-silicate melt) are in detail described in Reference [65] . A zonal structure of produced samples is shown in Figure 10 .
Magnesiowüstite is formed in the system in a temperature range of 1150-1350 °С. At relatively low temperatures (1150-1250 °С), magnesiowüstite is produced in the central (reduced) part of samples (Figures 7d-e and 10b) and is surrounded by a reaction zone consisting of almandine, magnetite and graphite (Figure 7d-f) . The reaction zone width increases with the temperature; in this case, the amount of coarse-grained magnesiowüstite in the central part of ampoules decreases. At 1350 °С, magnetite is found not only in the reaction zone but also in the central part of an ampoule, in an assemblage with magnesiowüstite. In this case, the carbonate-oxide ampoule is replaced by an assemblage of pyrope-almandine + magnesiowüstite + magnetite + ferrosilite + ferromagnesite + graphite, where magnesiowüstite is found in intergrowths with graphite ( Figure  7c ). In the composition of produced magnesiowüstite, Mg# consistently increases with the temperature, from 0.01 (1150 °С) to 0.13 (1350 °С). Samples of coarse-grained magnesiowüstite from the reduced zones were analysed by Mössbauer spectroscopy (Table 4; Figure 11 ). The obtained spectra of wüstite are similar to those presented in References [73, 74] for FexO, with x ~0.96. Four different Fe 2+ positions detected in each sample indicate an uneven distribution and a variable number of cationic vacancies in the structure. The Fe 3+ content in magnesiowüstite is found to be directly dependent on the temperature and vary from 5 (1150 °C) to 12 at.% (1350 °C) ( Table 4) . In this case, Fe 3+ is tetrahedrally coordinated. 
Features of Fe 3+ -Bearing Wüstite Formation in the Carbide-Oxide System
The interaction of cohenite and hematite in a temperature range of 900-1600 °С (P = 6.3 GPa) is found to result in the formation of Fe 3+ -bearing magnesiowüstite and graphite assemblage (Table 5 ).
At T < 1300 °С, single cohenite crystals surrounded by graphite reaction rims remain in samples (Figure 12a,b) . At T ≥ 1400 °С, a small amount (<5 wt.%) of Fe-C melt is formed, with large graphite crystals (up to 100 µm) being associated with quenching aggregates of the melt ( Figure  12c ). The size of produced Fe 3+ -bearing wüstite crystals increases as the temperature of experiments is raised, from 10-100 µm (900 °С) to 0.5 mm (1600 °С). The wüstite composition corresponds to ~Fe0.95-0.97O and wüstite is characterized by numerous cationic vacancies and Fe 3+ concentrations of ~2-4 at.%, which are temperature-independent. Ferric iron in wüstite produced by the carbidehematite interaction is VI coordinated (Table 5, Figure 13 ). Four different positions of Fe 2+ in the magnesiowüstite structure, which are found at all temperatures, indicate a variable number of vacancies, their high concentration and their uneven distribution. 
The interaction of cohenite and hematite in a temperature range of 900-1600 • C (P = 6.3 GPa) is found to result in the formation of Fe 3+ -bearing magnesiowüstite and graphite assemblage (Table 5 ).
At T < 1300 • C, single cohenite crystals surrounded by graphite reaction rims remain in samples (Figure 12a,b) . At T ≥ 1400 • C, a small amount (<5 wt.%) of Fe-C melt is formed, with large graphite crystals (up to 100 µm) being associated with quenching aggregates of the melt (Figure 12c ). The size of produced Fe 3+ -bearing wüstite crystals increases as the temperature of experiments is raised, from 10-100 µm (900 • C) to 0.5 mm (1600 • C). The wüstite composition corresponds to~Fe 0.95-0.97 O and wüstite is characterized by numerous cationic vacancies and Fe 3+ concentrations of~2-4 at.%, which are temperature-independent. Ferric iron in wüstite produced by the carbide-hematite interaction is VI coordinated (Table 5, Figure 13 ). Four different positions of Fe 2+ in the magnesiowüstite structure, which are found at all temperatures, indicate a variable number of vacancies, their high concentration and their uneven distribution. 
At T < 1300 °С, single cohenite crystals surrounded by graphite reaction rims remain in samples (Figure 12a,b) . At T ≥ 1400 °С, a small amount (<5 wt.%) of Fe-C melt is formed, with large graphite crystals (up to 100 µm) being associated with quenching aggregates of the melt ( Figure  12c ). The size of produced Fe 3+ -bearing wüstite crystals increases as the temperature of experiments is raised, from 10-100 µm (900 °С) to 0.5 mm (1600 °С). The wüstite composition corresponds to ~Fe0.95-0.97O and wüstite is characterized by numerous cationic vacancies and Fe 3+ concentrations of ~2-4 at.%, which are temperature-independent. Ferric iron in wüstite produced by the carbidehematite interaction is VI coordinated (Table 5, Figure 13 ). Four different positions of Fe 2+ in the magnesiowüstite structure, which are found at all temperatures, indicate a variable number of vacancies, their high concentration and their uneven distribution. (c): graphite crystals and quenched iron-carbon melt pools in a wüstite aggregate (1500 °С); (d): polycrystalline aggregate of cohenite, pyrrhotite and magnesiowüstite (900 °C); (e): polycrystalline aggregate of magnesiowüstite and graphite (1100 °C); (f) rounded magnesiowüstite crystals and graphite plates in quenching Fe-S-O and Fe-S-C melts (1600 °C); Ws: wüstite, Mws: magnesiowüstite, Po: pyrrhotite, Coh: cohenite, Gr: graphite, LFe-C: iron-carbon melt, LFe-S-C: Fe-S-C melt; LFe-S-O: Fe-S-O melt. Figure 13 . Mössbauer spectra of wüstite produced in the carbide-oxide system. Figure 13 . Mössbauer spectra of wüstite produced in the carbide-oxide system. 
Features of Fe 3+ -Bearing Magnesiowüstite Formation in the Carbonate-Iron-Sulfur System
At relatively low temperatures (900 and 1000 • C), the carbonate-iron-sulphur interaction leads to the formation of polycrystalline magnesiowüstite + cohenite + graphite aggregates (Figure 12d (Table 5 ). In a range of 1100-1200 • C, an assemblage of magnesiowüstite, pyrrhotite and graphite is formed. Graphite is present in samples as intergrowths with magnesiowüstite or as inclusions in magnesiowüstite (Figure 12e ). At T ≥ 1300 • C a solid-phase assemblage of magnesiowüstite + graphite is formed and two melts, Fe-S-C and Fe-S-O, are generated. Magnesiowüstite produced in this temperature range occurs as rounded crystals with inclusions of graphite plates (Figure 12e Mössbauer spectra of samples produced in the carbonate-iron-sulphur system (exp. 1623 (a-c) and 1620 (d-f)) as well as components of these spectra (a,d), the probability distribution of hyperfine magnetic fields (H) on iron nuclei (b,e) and the probability distribution of quadrupole splittings P(QS) in experimental spectra of magnesiowüstite and silicates (c,f). Mössbauer spectra of samples produced in the carbonate-iron-sulphur system (exp. 1623 (a-c) and 1620 (d-f)) as well as components of these spectra (a,d), the probability distribution of hyperfine magnetic fields (H) on iron nuclei (b,e) and the probability distribution of quadrupole splittings P(QS) in experimental spectra of magnesiowüstite and silicates (c,f). Figure 15 . Mössbauer spectra of samples produced in the carbonate-iron system (exp. 1618 (a-c) and 1602 (d-f)) as well as components of these spectra (a,d), the probability distribution of hyperfine magnetic fields (H) on iron nuclei (b,e) and the probability distribution of quadrupole splittings P(QS) in experimental spectra of magnesiowüstite and silicates (c,f).
Discussion
Processes of Fe 3+ -Bearing Magnesiowüstite Formation in the Carbonate-Iron System
A detailed reconstruction of the interaction processes demonstrates that Fe 3+ -bearing magnesiowüstite in the carbonate-iron system under redox gradient conditions is formed via different scenarios, which occurs in both the reduced and oxidized zones of samples. In the reduced zone (ƒO2 values are close to iron-wüstite buffer), magnesiowüstite is a product of iron or iron carbide oxidation upon interaction with carbonate, according to these schematic reactions: 
Under these conditions, magnesiowüstite and graphite co-exist mainly with iron carbide. In this case, the Fe 3+ content in magnesiowüstite is found to be determined by an excess of the oxidizing agent (carbonate) over the reducing agent (metal or carbide) in Reactions (1) and (3) . The formation of magnesiowüstite via a set of reactions is confirmed by the Mössbauer spectroscopy Figure 15 . Mössbauer spectra of samples produced in the carbonate-iron system (exp. 1618 (a-c) and 1602 (d-f)) as well as components of these spectra (a,d), the probability distribution of hyperfine magnetic fields (H) on iron nuclei (b,e) and the probability distribution of quadrupole splittings P(QS) in experimental spectra of magnesiowüstite and silicates (c,f).
Discussion
Processes of Fe 3+ -Bearing Magnesiowüstite Formation in the Carbonate-Iron System
A detailed reconstruction of the interaction processes demonstrates that Fe 3+ -bearing magnesiowüstite in the carbonate-iron system under redox gradient conditions is formed via different scenarios, which occurs in both the reduced and oxidized zones of samples. In the reduced zone (ƒO 2 values are close to iron-wüstite buffer), magnesiowüstite is a product of iron or iron carbide oxidation upon interaction with carbonate, according to these schematic reactions: 
Under these conditions, magnesiowüstite and graphite co-exist mainly with iron carbide. In this case, the Fe 3+ content in magnesiowüstite is found to be determined by an excess of the oxidizing agent (carbonate) over the reducing agent (metal or carbide) in Reactions (1) and (3) . The formation of magnesiowüstite via a set of reactions is confirmed by the Mössbauer spectroscopy data that demonstrate the concentration heterogeneity of magnesiowüstite, with identification of areas with different contents of magnesium, cationic vacancies and Fe 3+ .
Magnesiowüstite that is formed in the reduced zone is, in turn, a reducing agent for carbonate (T ≤ 
The redox interaction (4) leads to oxidation of magnesiowüstite and an increase in the Fe 3+ concentration, which is accompanied by reduction of carbonate or a carbonate melt to C 0 (graphite or diamond). Magnesiowüstite produced under these conditions is characterized by different Fe 3+ concentrations, from moderate to extremely high, which is apparently controlled by the proportions of carbonate and (Fe,Mg)O in each particular region of the oxidized part in the sample.
It should be noted that an exchange between the reduced center and the oxidized periphery of the reaction volume occurs due to a carbon-bearing fluid or a high calcium carbonate melt capable of dissolving and transporting a significant amount of magnesiowüstite. The solubility of magnesiowüstite in this melt ranges from 15 (1200 • C) to 22 wt.% (1650 • C). Most likely, saturation of the carbonate melt with FeO occurs directly during the redox interaction of the melt with carbide. At the highest temperatures, crystallization of Fe 3+ -bearing magnesiowüstite occurs due to a combination of processes: (1) dissolution of (Fe,Mg)O in a high calcium carbonate melt; (2) the redox interaction between a carbonate melt and solid-phase (Fe 2+ ,Mg)O with oxidation of dissolved magnesiowüstite and reduction of carbonate to elemental carbon; (3) crystallization of (Fe 2+ ,Fe 3+ ,Mg)O, graphite and diamond upon achieving the solubility limit of Fe 3+ -bearing magnesiowüstite and C 0 in a high calcium carbonate melt. In other words, magnesiowüstite in this case is a sink for ferric iron in a carbonate melt. It is this mechanism that is responsible for formation of the most oxidized magnesiowüstite with extremely high concentrations of ferric iron (up to 34 at.%).
Thus, under redox gradient conditions in the carbonate-iron system, ferric iron concentrations in magnesiowüstite consistently change from 0 in the most reduced regions of samples (IW buffer (about FMQ-5 log units)) to 34 at.% in the most oxidized regions (about FMQ-1 log units). Under these conditions, Fe 3+ -bearing magnesiowüstite is formed in (a) redox reactions where it is a product of iron or iron carbide oxidation, (b) redox reactions involving magnesiowüstite as a reducing agent for carbonate, (c) processes of magnesiowüstite crystallization from an oxidized Ca-rich carbonate melt (Mws as a sink for ferric iron).
Processes of Fe 3+ -Bearing Magnesiowüstite Formation in the Carbonate-Oxide-Metal System
The formation of Fe 3+ -bearing magnesiowüstite in the carbonate-oxide-metal system under redox gradient conditions was found to occur in both the reduced and oxidized parts of the samples. The formation of magnesiowüstite in an assemblage with carbide in the reduced part of samples (ƒO 2 values are close to IW buffer) at 1150-1450 • C occurs due to the redox interaction of alkaline earth carbonates and metallic iron according to Reactions (1) and (2). In these reactions, metallic iron is completely converted into carbide that is surrounded by a reaction zone consisting of magnesiowüstite, cohenite and Fe-rich garnet. A small amount of (magnesio)wüstite is formed due to the redox interaction of carbide with CO 2 produced during the decarbonation reaction (5) 
Therefore, magnesiowüstite and wüstite formed in Reactions (1), (2) and (6) 
Crystallization of a Fe 3+ -magnesiowüstite + graphite + silicate assemblage is observed in the oxidized part of the reaction volume where the redox interaction of Fe 2+ -magnesiowüstite and a CO 2 fluid (7) is considered as the mechanism of Fe 3+ -bearing magnesiowüstite formation. Despite the fact that the phase composition of assemblages produced in the reduced and oxidized parts of samples indicates that the ƒO 2 gradient is present in the reaction volume over an entire temperature range of 1150-1450 • C, Fe 3+ concentrations in magnesiowüstite are the same throughout the sample. The most likely cause is a sharp difference in the iron content between the reduced center of samples and a more oxidized periphery, which leads to a different intensity of decarbonation reactions with the formation of garnets of different composition, mainly almandine and pyrope garnets, respectively. The difference in the decarbonation intensity and the amount of produced CO 2 fluid is due to the fact that an increase in the iron content shifts the decarbonation curve several hundred degrees to a lower temperature region.
Processes of Fe 3+ -Bearing Wüstite Formation in the Carbonate-Oxide System
In a range of 1150-1250 ºC, the formation of magnesiowüstite in an assemblage with magnetite, graphite and garnet (almandine) at the contact of starting wüstite with an outer carbonate-oxide ampoule occurs during successive reactions of Fe,Mg,Ca-carbonate Formation (8), decarbonation with the formation of Fe-rich garnet and CO 2 (5) and further redox interaction of CO 2 with wüstite (or magnesiowüstite) (7), (9) 
Redox interactions (8) and (9) may be considered as reduction of carbonate and CO 2 fluid by magnesiowüstite to elemental carbon (graphite, diamond), which is accompanied by oxidation of magnesiowüstite to (Fe 2+ ,Fe 3+ ,Mg)O or magnetite. However, it should be noted that these reactions can proceed only at relatively low temperatures and if FeO is present in great excess relative to carbonate and CO 2 . Therefore, the formation of an assemblage of Fe 3+ -bearing magnesiowüstite and graphite occurs due to Reactions (7) and (8) . At a higher temperature (1350 • C), the degree of decarbonation increases and the processes of garnet and CO 2 fluid formation occur in the entire reaction volume. An increase in the decarbonation degree and amount of CO 2 fluid leads to the fact that the volume of magnetite formed by Reaction (9) exceeds the amount of Fe 3+ -bearing magnesiowüstite. Therefore, we found that the mechanism of Fe 3+ -magnesiowüstite and magnetite formation in the carbonate-oxide system is oxidation of starting wüstite by carbonate or CO 2 fluid and the concentration of ferric iron in magnesiowüstite depends on the degree of system decarbonation.
Processes of Fe 3+ -Bearing Magnesiowüstite Formation in the Carbide-Oxide System
A reconstruction of processes in the cohenite-hematite system demonstrates that wüstite interacts with graphite by redox Reaction (10) that proceeds completely even at a relatively low temperature of 900 • C (t = 18 h):
The stoichiometry of this redox reaction excludes a ferric iron impurity in magnesiowüstite. But according to Mössbauer spectroscopy, wüstite produced in this reaction contains 2-4 at.% of Fe 3+ . This is explained by further interaction of newly formed wüstite with cohenite (small excess of the starting iron carbide was used) in the system. This reaction proceeds through iron disproportionation and leads to crystallization of Fe 3+ -bearing wüstite in equilibrium with graphite:
At T ≥1400 • C, the interaction of wüstite with a metal-carbon melt is accompanied by disproportionation of iron, which also leads to the formation of Fe 3+ -bearing wüstite and graphite (± diamond growth):
Therefore, it is experimentally demonstrated that the formation of an assemblage of Fe 3+ -bearing wüstite + graphite/diamond under mantle P,T parameters may occur due to iron disproportionation processes during iron carbide + wüstite and metal-carbon melt + wüstite interactions; however, the Fe 3+ concentration in wüstite produced in this way would not exceed 4 at.%, regardless of temperature.
Processes of Fe 3+ -Bearing Magnesiowüstite Formation in the Carbonate-Iron-Sulfur System
At temperatures of 900 and 1000 • C, the iron-carbonate-sulphur interaction leads to the formation of Fe 3+ -bearing magnesiowüstite in an assemblage with graphite, pyrrhotite, cohenite and ± Fe,Ca,Mg-carbonate. The main processes that are present in this temperature range and associated with crystallization of Fe 3+ -magnesiowüstite are redox reactions of Mg,Ca-carbonates with iron or iron carbide, which are similar to those described above for the carbonate-metal system (reactions 1-3). The formation of Fe 3+ -magnesiowüstite in an assemblage with graphite can also occur during the redox interaction of magnesiowüstite with cohenite, leading to iron disproportionation:
In a range of 1100-1200 • C, carbonates and iron carbide are completely consumed in Reactions (1-3) and a near-equilibrium assemblage of Fe 3+ -bearing magnesiowüstite + graphite + pyrrhotite is formed. At T ≥1300 • C, interactions in the carbonate-iron-sulphur system lead to crystallization of Fe 3+ -bearing magnesiowüstite and graphite as well as to the formation of two melts, Fe-S-O and Fe-S-C. It is known that at similar P and T, two immiscible melts, Fe-S and Fe-S-C, are formed in the Fe-S-C system [75] and a reduced Fe-C melt and an oxidized carbonate melt are formed in the carbonate-iron system [63] . In a more complex carbonate-iron-sulphur system, the carbonate melt is involved in redox reactions with sulphide and metal-sulphide melts, which results in the formation of Fe-S-O and Fe-S-C melts, as well as crystallization of Fe 3+ -bearing magnesiowüstite and graphite. Below, we present a reconstruction of the Fe 3+ -magnesiowüstite formation involving Fe-S-C and Fe-S-O melts, without focusing on graphite and diamond formation, which was described elsewhere [63, 68, [75] [76] [77] .
An analysis of quenching aggregates of melts showed that the carbonate-iron-sulphur interaction results in the generation of two predominantly sulphide melts contrast in ƒO 2 , with one of them being Fe 2+ -bearing (as dissolved FeO) and the other containing metallic iron. We previously demonstrated that the interaction between a metal-carbon melt and wüstite was accompanied by iron disproportionation (reaction 12), which resulted in the formation of a Fe 3+ -bearing magnesiowüstite + graphite/diamond assemblage. Direct evidence of the redox interaction between Fe-S-O and Fe-S-C melts is crystallization of diamond and graphite in the Fe-S-C melt and the formation of Fe 2+ and Fe 3+ enriched magnesiowüstite rims at the contact with the Fe-S-O melt. It should be noted that crystallization of Fe 3+ -magnesiowüstite in assemblage with graphite and diamond most likely occurs due to both the redox interaction between melts with involvement of magnesiowüstite, which acts as a sink for Fe 3+ and a direct interaction between the Fe-S-C melt and magnesiowüstite, according to the reactions:
Fe 
Thus, a reconstruction of the carbonate-iron-sulphur interaction revealed that the main mechanism of Fe 3+ -magnesiowüstite crystallization at T ≤ 1250 • C is iron and iron carbide oxidation upon their redox interactions with carbonate (Reactions 1-3) . At given T, additional scenarios leading to the formation of Fe 3+ -bearing magnesiowüstite (+graphite) may include the redox interaction between cohenite and magnesiowüstite (reaction 13). At higher temperatures, the formation of Fe 3+ -bearing magnesiowüstite, graphite and diamond is found to occur due to the redox interaction of Fe-S-O and Fe-S-C melts as well as magnesiowüstite and a Fe-S-C melt.
Processes of Fe 3+ -Bearing Magnesiowüstite Formation in the Lithospheric Mantle
Previously, the possibility of (Mg,Fe)O being stable not only in the lower mantle but in the upper mantle were experimentally and theoretically studied in studies [15, 16, 78] . In particular, Na concentrations in natural ferropericlase in diamond inclusions were experimentally found to be achieved at the upper mantle P,T parameters. Ferropericlase and magnesiowüstite were experimentally demonstrated to be stable in upper mantle domains with low silicon activity. In particular, it is supposed that (Fe,Mg)O is formed in carbonated dunite due to diamond-forming redox reactions between magnesite and reduced fluid:
as well as a concomitant Fe-Mg exchange reaction between olivine and periclase. In addition to redox reactions, magnesiowüstite (in an assemblage with olivine) is supposed to be capable of crystallizing from a carbonatite melt with very low Si concentrations, which undergoes CO 2 -degassing upon a decrease in pressure. This suggestion was experimentally confirmed in Reference [78] that demonstrated a significant expansion of the ferropericlase crystallization field in carbonate-bearing melts, strongly undersaturated with Si upon a decrease in pressure.
Therefore, both of the previously proposed models for the formation of periclase-wüstite series minerals in the upper mantle suggest involvement of carbonate (as a solid phase or a melt) in them. According to these models, the mechanisms of (Mg,Fe)O crystallization involve reduction of carbonate to C 0 + (Mg,Fe)O as well as crystallization of ferropericlase from a carbonate-bearing melt upon a decrease in pressure and a corresponding change in the melt composition -a decrease in CO 2 and silicon concentrations.
Our experimental findings are in good agreement with the results of [14] [15] [16] and demonstrate that magnesiowüstite can form in lithospheric mantle rocks via several different scenarios associated with subduction of oxidized crustal carbonate-bearing material to a reduced metal-bearing mantle. Experimental studies have demonstrated that the concentration of metallic iron spread to a metal-saturated mantle (at depths above 250 km) is about 0.1-0.2 wt. % (1400 ppm) [79, 80] . In this case, if the mantle is not depleted in carbon (300-800 ppm C), metallic iron is most likely involved in carbides (Fe 3 C and Fe 7 C 3 ). Subduction of crustal carbonate-bearing material to mantle depths is known to be a source of mantle metasomatic agents (e.g., C-O-H fluid, carbonate-silicate melts) formed due to decarbonation, dehydration and partial melting of slab rocks. However, some subducted Mg-Ca carbonates can be stable to lower mantle depths (up to 600 km) [58, 60, 81, 82] . Accordingly, in a metal-saturated mantle, redox graphite-and diamond-forming reactions between native iron or iron carbide and solid-phase carbonates or CO 2 dominated fluid or carbonate-bearing melts may occur. Our experiments at pressures characteristic of the metal-precipitation curve demonstrated that the main product of these reactions, as well as iron disproportionation reactions, was Fe 3+ -bearing magnesiowüstite in an assemblage with graphite and diamond.
Conclusions
We found that under redox gradient in the carbonate-iron system, ferric iron concentrations in magnesiowüstite consistently change from 0-5 at.% in the most reduced sample areas (buffer IW (about FMQ-5 log units)), where magnesiowüstite is in an assemblage with cohenite and graphite/diamond, up to 34 at.% in the most oxidized (about FMQ-1 log units), where magnesiowüstite co-exists with carbonate melt, graphite and diamond. Under these conditions, Fe 3+ -bearing magnesiowüstite is formed due to (a) redox reactions where it is a product of iron or iron carbide oxidation upon their interaction with carbonate, (b) redox reactions involving magnesiowüstite as a reducing agent for carbonate and (c) magnesiowüstite crystallization from an oxidized high-calcium carbonate melt (Mws as a sink for ferric iron).
Magnesiowüstite that is produced under redox gradient in the carbonate-oxide-metal system in reducing (IW buffer) and oxidizing (about FMQ-1 log units) conditions contains 5-7 at.% of Fe 3+ . Under reducing conditions, Fe 2+ -magnesiowüstite is formed by the redox interaction between alkaline-earth carbonates and metallic iron as well as by oxidation of carbide by carbonate or CO 2 fluid. Further interaction of the produced (magnesio)wüstite with CO 2 fluid in reducing and oxidizing conditions leads to reduction of CO 2 to C 0 and formation of the Fe 3+ -bearing magnesiowüstite + graphite assemblage.
In the carbonate-oxide system, Fe 3+ -bearing magnesiowüstite was found to be formed only in an assemblage with magnetite, garnet and graphite due to the redox interaction between carbonate or decarbonation-derived CO 2 and starting wüstite. The Fe 3+ concentrations in synthesized magnesiowüstite (5-12 at.%) and the amount of newly formed magnetite increase as the temperature is elevated and the degree of system decarbonation is correspondingly increased.
The formation of a Fe 3+ -bearing magnesiowüstite + graphite/diamond assemblage during the carbide-oxide interaction occurs due to iron disproportionation reactions upon iron carbide + wüstite and metal-carbon melt + wüstite interactions; however, the Fe 3+ concentration in wüstite produced in this way does not exceed 4 at. % and does not depend on temperature.
Upon the iron-carbonate-sulphur interaction at T ≤ 1250 • C, the main mechanism of Fe 3+ magnesiowüstite (5-8 at.% of Fe 3+ ) crystallization is iron and iron carbide oxidation in redox interactions with carbonate as well as the redox interaction between cohenite and Fe 2+ -magnesiowüstite. At T > 1250 • C, the formation of Fe 3+ -bearing magnesiowüstite (9-13 at.% of Fe 3+ ) in an assemblage with graphite or diamond occurs due to redox interactions of Fe-S-O and Fe-S-C melts as well as Fe 2+ -magnesiowüstite and a Fe-S-C melt. In these processes, Fe 3+ -bearing magnesiowüstite is not only a product of metal or carbide phase oxidation but also a sink for ferric iron in redox reactions of two ƒO 2 contrast melts. 
